fyn constitutively co-precipitates with four phosphoproteins of 43, 55, 85, and 120 kDa, respectively. We have recently cloned the 55-kDa protein that was termed Src kinaseassociated phosphoprotein of 55 kDa (SKAP55). Here we demonstrate that the recently characterized SH2-domain-containing leukocyte protein 76-associated phosphoprotein of 130 kDa (SLAP-130) is one of the components of the Fyn complex and that it also co-precipitates with SKAP55 in human T-cells. We establish that SKAP55 and SLAP-130 associate with each other when both molecules are co-expressed in COS cells. By cotransfection of truncated mutants of SKAP55 and SLAP-130 as well as by using the two-hybrid selection system, we further demonstrate that the association between SLAP-130 and SKAP55 is direct and involves the Src homology 3 domain of SKAP55 and the proline-rich sequence of SLAP-130.
It has previously been reported that in resting T-lymphocytes the protein tyrosine kinase p59
fyn constitutively co-precipitates with four phosphoproteins of 43, 55, 85, and 120 kDa, respectively. We have recently cloned the 55-kDa protein that was termed Src kinaseassociated phosphoprotein of 55 kDa (SKAP55). Here we demonstrate that the recently characterized SH2-domain-containing leukocyte protein 76-associated phosphoprotein of 130 kDa (SLAP-130) is one of the components of the Fyn complex and that it also co-precipitates with SKAP55 in human T-cells. We establish that SKAP55 and SLAP-130 associate with each other when both molecules are co-expressed in COS cells. By cotransfection of truncated mutants of SKAP55 and SLAP-130 as well as by using the two-hybrid selection system, we further demonstrate that the association between SLAP-130 and SKAP55 is direct and involves the Src homology 3 domain of SKAP55 and the proline-rich sequence of SLAP-130.
The phosphorylation of proteins on tyrosine residues represents one of the most immediate biochemical events that follows binding of antigen to the T-cell receptor (TCR). 1 They are a prerequisite for all further downstream events of T-cell activation (including the mobilization of calcium ions, the activation of phospholipase C␥, and the loading of GTP onto p21 ras ), which collectively lead to the induction of lymphokine gene expression. Several nonreceptor protein tyrosine kinases have been implicated in these initial signaling events, including the Src kinases p56 lck and p59 fyn as well as the Syk-related protein tyrosine kinase ZAP70 (1) (2) (3) (4) (5) (6) .
Numerous studies have demonstrated an essential role for Lck during T-cell development and for the transduction of signals after T-lymphocyte activation (6, 7) . In contrast, the precise role of Fyn in TCR-mediated signaling processes remains to be elucidated. Studies of Fyn-deficient mice have demonstrated that loss of Fyn does not lead to major alterations of T-cell development (8, 9) , suggesting that the events associated with positive and negative selection can occur in the absence of Fyn. However, it has been demonstrated recently that combined disruption of lck and fyn genes in mice results in an arrest of T-cell development at the CD4 Ϫ CD8 Ϫ stage, whereas reintroduction of a fyn transgene completely restores production of double-positive thymocytes (10, 11) . These findings demonstrate that Fyn can partially substitute for Lck in T-lymphocyte development but also reveal overlapping functions of both kinases at different stages of T-cell selection.
Evidence implicating Fyn in the activation of peripheral T-cells includes its binding to the TCR-CD3-complex (12, 13) as well as the observation that Fyn kinase activity is stimulated after engagement of the TCR (1, 5, 15) . In addition, it has been shown that mature T-cell lines that express Fyn only at low levels exhibit TCR signaling defects (16, 17) , whereas strongly potentiated TCR responses are observed in transgenic mice expressing a constitutively active form of the kinase (18) .
One strategy to define further the role(s) of p59 fyn during the T-cell activation is to identify its downstream substrates and to analyze the proteins that interact with Fyn in intact cells. Using two-dimensional isoelectric focusing/SDS-PAGE analysis of p59
fyn immunoprecipitates, we have demonstrated previously that Fyn, but not Lck, co-precipitates with at least four constitutively tyrosine-phosphorylated proteins of 120, 85, 55, and 43 kDa in nontransformed resting human T lymphocytes (19 -21) . We recently purified and cloned the 55-kDa protein, which we have termed Src kinase-associated phosphoprotein of 55 kDa (SKAP55) (19) . SKAP55 represents a novel phosphoprotein that is expressed exclusively in T-lymphocytes and comprises a pleckstrin homology (PH) domain, a C-terminal Src homology 3 (SH3) domain, and tyrosine-based sequence motifs that would be predicted to mediate high-affinity interactions with SH2 domains of Src kinases. Indeed, we demonstrated that SKAP55 is precipitated by recombinant SH2 domains of Src protein tyrosine kinases but not by SH2 domains of other molecules involved in signaling processes in T-lymphocytes (19) . The structural organization of SKAP55 thus suggests that it represents a novel adaptor protein that is involved in Fyn-mediated signaling events in T-lymphocytes. However, the precise role of SKAP55 during T-cell activation remains unclear. A major challenge in understanding its function will be the identification and molecular characterization of SKAP55 binding partners in T-cells.
Recently we have also cloned a novel substrate of the TCRstimulated protein tyrosine kinases, which we termed SH2-domain-containing leukocyte protein 76 (SLP-76)-associated phosphoprotein of 130 kDa (SLAP-130). This molecule was identified initially as a protein that associates with the SH2 domain of the hematopoietic cell-specific protein SLP-76 (22) . Importantly, SLAP-130 is identical to Fyn-binding protein (FYB), which was characterized originally as a protein that interacts with the SH2 domain of Fyn (23, 24) . Like SKAP55, SLAP-130 is expressed exclusively in mononuclear cells of the hematopoietic system, with preferential expression in T-lymphocytes and monocytes. It has no obvious structural motifs to suggest a function; however, it possesses several potential tyrosine phosphorylation sites that could mediate interactions with SH2 domain-expressing proteins. In addition, a prolinerich region is present in SLAP-130 that could allow for association with SH3 domain-containing proteins. Interestingly, both our laboratories and da Silva et al. (23, 24) found that SLAP-130/FYB not only binds to the SH2 domains of Fyn and SLP-76 but also associates with a so far not characterized tyrosinephosphorylated 55-kDa protein in T-cells. In this paper, we demonstrate that this unknown SLAP-130-associated protein likely represents SKAP55. In addition, using a transfection system in COS cells as well as the yeast two-hybrid analysis, we demonstrate that the association between SLAP-130 and SKAP55 is direct and involves the proline-rich region of SLAP-130 and the SH3 domain of SKAP55. Together these data suggest that SLAP-130 and SKAP55 may represent newly identified components of a Fyn-mediated signaling pathway in T-lymphocytes.
MATERIALS AND METHODS
Cells and Antibodies-Jurkat T cells and COS 7 cells were maintained in RPMI 1640 supplemented with 10% fetal calf serum (Sigma), 2% glutamine (Sigma), and 1% penicillin/streptomycin (Life Technologies Inc.) in a 6% CO 2 humidified atmosphere at 37°C. Polyclonal rabbit anti-p59 fyn antiserum (kindly provided by Dr. A. Veillette, McGill Cancer Center, McGill University, Montreal, Quebec, Canada) was used at 1:100 (v/v) dilution in immunoprecipitation experiments. Antiphosphotyrosine (4G10; Upstate Biotechnology, Inc., Lake Placid, NY) and anti-FLAG (M2; Eastman Kodak, New Haven, CT) antibodies were used at 1 g/ml for immunoblot analysis. Anti-hemagglutinin (HA) antibody was used at 1:50 dilution of hybridoma supernatant. Polyclonal rabbit antiserum directed against SKAP55 (19) and sheep antiserum directed against SLAP-130 (22) were generated as described previously and used at 1:200 or 1:3000 (v/v) dilution in immunoprecipitation or immunoblotting experiments, respectively.
DNA Constructs-The pEF-BOS (25) expression vectors containing amino-terminal FLAG-or HA-tagged cDNAs of SKAP55 were generated by PCR amplification of the full-length SKAP55 coding region with a BamHI site at the 5Ј end and an NheI site at the 3Ј end. The resulting PCR product was ligated in frame with the FLAG or HA epitope in pEF-BOS expression vector, as described (26) . FLAG-tagged SKAP55 mutated constructs were produced using the Quick Change site-directed mutagenesis system from Stratagene (Heidelberg, Germany). 5Ј and 3Ј primers encompassing the desired deletion or point mutation were designed leading to: 1) a SKAP55 truncation mutant encoding a deletion of the PH domain (⌬106 -205, referred to as SKAP55 ⌬PH), 2) a SKAP55 construct missing the SH3 domain coding region (⌬300 -356, SKAP55 ⌬SH3), and 3) a point mutant of SKAP55 where the first (absolutely conserved) tryptophan of the characteristic tryptophan doublet of the SH3 domain was changed to lysine (SKAP55 W333K).
Generation of pEF-BOS expression vector containing the full-length cDNA of SLAP130 with an amino-terminal FLAG tag was reported elsewhere (14, 22) . SLAP-130 mutated constructs were raised by PCR amplification of the coding region corresponding to amino acids 1-448 (SLAP 5Ј), 449 -783 (SLAP 3Ј), or 339 -438 (SLAP Pro) of SLAP-130 and further ligated in frame with the FLAG epitope in the pEF-BOS expression vector.
For all constructs, verification of the desired mutations was checked by double-stranded sequencing of the corresponding clones.
Yeast Two-hybrid System-The yeast two-hybrid assay was performed using the Matchmaker two-hybrid system and protocol provided by Clontech (Palo Alto, CA). Briefly, cDNA encoding either full-length or truncation mutants of SLAP-130 was subcloned in frame into the pGBT9 vector, creating a fusion protein with a GAL4 DNA-binding domain. cDNA encoding either the wild type or the deletion or point mutation mutant of SKAP55 was subcloned in frame into the pGAD424 vector to generate a fusion protein with a GAL4 activation domain. The yeast strain HF7c was transformed with the plasmid constructs using the lithium acetate method described by Clontech. Transformants were plated on synthetic medium containing 5 mM 3-amino-1,2,4-trizole in the absence of leucine, tryptophan, and histidine to detect the histidine phenotype or onto synthetic medium lacking leucine and tryptophan to measure transformation efficiency. The activity of the LacZ gene product ␤-galactosidase in transformants was measured in a filter assay with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside as substrate.
Transfections-COS-7 cells (10 7 ) were washed once in 1 ϫ phosphate-buffered saline (PBS) and resuspended in 0.5 ml of PBS. Each transfection was carried with 30 g each of the two indicated plasmids using a Gene Pulser (Bio-Rad) with settings of 320 V and 960 F. Cells were allowed to recover for 18 h before manipulation.
Immunoprecipitations and Immunoblot Analysis-Cell lysates were prepared using Nonidet P-40 lysis buffer (150 mM NaCl, 20 mM TrisHCl, pH 7.5, 1% Nonidet P-40, 10 mM EDTA, 10 mM NaF, 1 mM sodium vanadate, 1 mM phenymethylsulfonyl fluoride, 1 g/ml aprotinin, and 1 g/ml leupeptin) for 1 h at 4°C. Immunoprecipitations were performed using anti-p59
fyn , anti-SKAP55, or anti-SLAP130 antibodies as previously reported (19, 22) . Immune complexes were washed, separated by SDS-PAGE, and transferred to nitrocellulose. Western blots were conducted with the indicated antibodies and developed with the appropriate horseradish peroxidase-conjugated secondary antibodies and the ECL detection system (Amersham).
RESULTS

SLAP130 Constitutively Co-precipitates with p59
fyn and with SKAP55 in Jurkat Cells-To confirm the previous finding of da Silva et al. (23, 24) demonstrating an association of FYB with Fyn in murine T-cells, we investigated whether human SLAP-130 also associates with Fyn in vivo. To this end we subjected Fyn immunoprecipitates prepared from Jurkat T-cells to Western blot analysis using polyclonal SLAP-130 antiserum. The data shown in Fig. 1A , lane 1, demonstrate that SLAP-130 indeed co-precipitates with Fyn under these experimental conditions.
We next asked whether the previously described 55-kDa phosphoprotein that has been reported to associate with FYB in T-lymphocytes could represent SKAP55 (23, 24) . Our approach was to perform reciprocal immunoprecipitation in which anti-SKAP55 or anti-SLAP130 immunoprecipitates were prepared from Jurkat cells and analyzed by Western blotting using antibodies directed against the putative binding partner. As shown in Fig. 1A , lanes 2 and 3, large amounts of SLAP-130 co-precipitate with SKAP55 (lane 2), and, conversely, high levels of SKAP55 are detectable in the anti-SLAP130 immunoprecipitate (lane 3). These results support the notion that SKAP55 associates with SLAP-130 in T-lymphocytes.
To evaluate the amounts of SLAP-130 and SKAP55 that are associated with each other, a preclearing experiment was performed. To this end, Jurkat cells were lysed in Nonidet P-40-containing buffer and subjected to four consecutive rounds of immunoprecipitation using anti-SKAP55 or anti-SLAP-130 antibodies, respectively. The immunoprecipitates from the first and fourth preclearing steps as well as the corresponding lysates were analyzed by anti-SLAP-130 and anti-SKAP55 Western blotting (Fig. 1B) . These experiments revealed that ϳ70% of the endogenously expressed SLAP-130 molecules constitutively associate with SKAP55 in Jurkat cells (Fig. 1B, lanes  3-5) . In contrast to SLAP-130, all endogenously expressed SKAP55 molecules can be completely depleted from cellular lysates after SLAP-130 immunoprecipitation (Fig. 1B, lanes  8 -10) . Identical results as shown here for Jurkat T-cells were obtained when peripheral blood T-lymphocytes were subjected to SLAP-130 immunoprecipitation. These data collectively suggest that all SKAP55 molecules that are expressed in Jurkat cells (and in resting T-lymphocytes) constitutively associate with SLAP-130, whereas ϳ30% of the endogenously expressed SLAP-130 molecules do not interact with SKAP55.
The SH3 Domain of SKAP55 Mediates Its Interaction with SLAP-130 -To begin to analyze whether the association between SKAP55 and SLAP-130 results from a direct interaction between both molecules or whether their association requires additional molecules expressed in T-lymphocytes, FLAGtagged cDNA constructs coding for SKAP55 and SLAP-130 (Fig. 2) were individually or coordinately expressed in COS cells in a transient transfection assay. Subsequently, anti-SKAP55 immunoprecipitates were prepared and analyzed by anti-FLAG Western blotting for co-precipitation of SLAP-130. As shown in Fig. 1C , FLAG-tagged SLAP-130 can be co-precipitated by SKAP55 antibodies when both molecules are co-expressed in COS cells. These data suggest that SKAP55 and SLAP-130 are capable of associating with each other in the absence of additional lymphocyte-specific proteins.
To map the region within SKAP55 that is responsible for its binding to SLAP-130, COS cells were transiently co-transfected with a wild-type FLAG-SLAP-130 construct in combination with a series of FLAG-tagged SKAP55 mutants (Fig. 2) . After anti-SKAP55 immunoprecipitation, the presence of FLAGtagged SLAP-130 in the SKAP55 immunoprecipitate was investigated by Western blot analysis using anti-FLAG antibodies (Fig. 3A) . Protein expression of the SLAP-130 and SKAP55 molecules was determined in parallel by anti-FLAG Western blot of total cell lysates (Fig. 3B) . As shown, deletion of the SKAP55-PH domain (SKAP55 ⌬PH) does not influence the SLAP-130-SKAP55 association. In marked contrast, when a SKAP55 construct lacking the complete SH3 domain (SKAP55 ⌬SH3) was expressed in COS cells, a complete loss of SLAP-130 binding to SKAP55 was observed. Identical results are obtained when a SKAP55 mutant was expressed in which a critical tryptophane residue in the SH3 domain was mutated to lysine (SKAP55 W333K). These data demonstrate clearly that the SH3 domain of SKAP55 is involved in the binding to SLAP-130.
The Proline-rich Motif of SLAP-130 Is Responsible for Its Interaction with SKAP55-We next attempted to identify the region within SLAP-130 that mediates its association with SKAP55. To this end, a similar set of co-transfection experiments as described above were performed using mutated versions of SLAP-130 (Fig. 2) . To allow discrimination between 2) and SKAP55 (lanes 6 and 7) Western blot analysis. In parallel, lysates before preclearing and after the second and fourth preclearing step were separated on SDS-PAGE and also analyzed for expression of SLAP-130 (lanes 3-5) or SKAP55 (lanes 8 -10) . Densitometric analysis of lanes 3 and 5 revealed a 66% reduction of SLAP-130 after four preclearing steps. C, COS cells were transfected with either FLAG-tagged cDNA constructs coding for wild-type SKAP55 or SLAP-130 or with both constructs. After lysis, an aliquot of each lysate was taken out, and the remaining (2 ϫ 10 6 cell equivalent) was subjected to immunoprecipitation using anti-SKAP55 antibodies. Total lysates or anti-SKAP55 immunoprecipitates (SKAP55 IPs) were separated on SDS-PAGE, transferred onto nitrocellulose, and subjected to anti-FLAG Western blotting.
wild-type SKAP55 and the SLAP-130 mutants, the wild-type SKAP55 molecule was expressed as an HA-tagged protein, whereas the SLAP-130 mutants were tagged with the FLAG epitope. For each experiment, both the wild-type SKAP55 construct and a wild-type or mutant variant of SLAP-130 were expressed in COS cells. After immunoprecipitation using anti-SKAP55 antiserum, co-precipitation of wild-type SLAP-130 or of the various mutants was assessed by anti-FLAG Western blotting. As a control, anti-FLAG and anti-HA blotting of total lysates and of the SKAP55 immunoprecipitates were performed to demonstrate that equivalent amounts of protein were expressed in the cells and that for each experimental condition equal amounts of SKAP55 were immunoprecipitated (Fig. 4, A,  bottom panel, and B) .
The results shown in Fig. 4A , top panel, demonstrate that deletion of the carboxyl-terminal 335 amino acids of SLAP-130 (SLAP5Ј) does not affect its binding to SKAP55. In contrast, a SLAP-130 construct in which the amino-terminal 448 amino acids have been deleted (SLAP3Ј) fails to bind to SKAP55. These data suggest that the region of SLAP-130 that is responsible for its interaction with SKAP55 is located within the amino-terminal 448 amino acids of the protein.
The SLAP5Ј mutant contains a sequence motif of ϳ100 amino acids, which is enriched in proline residues, whereas the SLAP3Ј mutant comprises most of the putative tyrosine phosphorylation sites, two possible nuclear translocation sequences as well as a region with homology to an SH3 domain. Because of the highly selective binding of SLAP-130 to the SH3 domain of SKAP55, we speculated that the proline-rich region present in the SLAP5Ј construct mediates the binding between SLAP-130 and SKAP55. To investigate this further, a construct coding only for the proline-rich sequence of SLAP-130 (SLAP-Pro) was generated and tested for its ability to interact with SKAP55. As expected, this small region of SLAP-130, when expressed in isolation, is capable of binding to SKAP55, inferring its involvement in the SKAP55-SLAP-130 interaction.
Demonstration of the Direct Binding of SKAP55 SH3 Domain to the Proline-rich Region of SLAP-130 Using the Yeast Two-
hybrid System-To confirm that the SKAP55-SLAP-130 association is direct and that it involves the protein domains that were mapped by the use of the co-transfection approach in COS cells, we investigated SKAP55-SLAP-130 interaction with the yeast two-hybrid analysis. The mutant constructs shown in Fig. 2 were subcloned into yeast expression vectors creating cell equivalent per immunoprecipitate), and protein complexes were separated on SDS-10% PAGE and transferred onto nitrocellulose. Immunoprecipitated proteins were detected using anti-FLAG antibody and the ECL detection system. B, expression of the tranfected proteins was analyzed on total cell lysates (2 ϫ 10 5 cell equivalent per lane) by anti-FLAG Western blotting.
fusion proteins with the GAL4 DNA binding or activation domains. Each construct was tested individually and shown to not autonomously activate the reporter gene by itself (results not shown). Fig. 5 depicts the results of a growth assay on synthetic medium either lacking leucine and tryptophane to demonstrate the presence of plasmids encoding the fusion proteins (left panel) or lacking leucine, tryptophane, and histidine to detect an interaction between wild-type or mutated SLAP-130 and SKAP55 fusion proteins (right panel). As shown, both the full length SLAP-130 (WT) and its truncation mutants containing the central proline-rich region (SLAP 5Ј and SLAPPro) interact directly with SKAP55 and result in growth. In addition, both wild-type SKAP55 (WT) and the SKAP55 mutant lacking the amino-terminal PH domain (⌬PH) were able to bind SLAP-130. In contrast, no interaction was detected either when the SLAP-130 mutant lacking the proline-rich motif (SLAP 3Ј) or when SKAP55 mutants lacking a functional SH3 domain (⌬SH3 or W333K) were co-transformed. These results were confirmed by detection of ␤-galactosidase activity in the yeast transformants initially shown to express interacting the fusion protein pair by growth assay (data not shown). In summary, these results confirm that the association of SKAP55 with SLAP-130 is direct and is mediated through the SH3 domain of SKAP55 and the proline-rich motif of SLAP-130.
DISCUSSION
In an effort to define better the role of p59 fyn during T-cell activation, we recently began a search for proteins that might represent specific substrates or regulating factors for this kinase. Our approach resulted in the identification of a Fynassociated protein complex comprising Fyn as well as additional phosphoproteins of 120, 85, 55, and 43 kDa (19 -21) . Molecular cloning of the 55-kDa Fyn-associated polypeptide revealed that it possesses an amino-terminal PH domain and a carboxyl-terminal SH3 domain. In vitro, the full-length protein was found to selectively bind Src-like SH2 domains and was therefore termed SKAP55 (19) . The structural organization of SKAP55 suggests that it represents a novel adaptor protein that may be involved in Fyn-mediated signaling processes in T-lymphocytes.
Recently, da Silva et al. (23) reported the cloning of the 120-kDa Fyn-associated phosphoprotein. This molecule, termed FYB, is identical to SLAP-130, which we initially identified as a phosphoprotein that binds to the SH2 domain of SLP-76 (22) . In this report we confirm that SLAP-130 and Fyn associate with each other in Jurkat cells. In addition, we demonstrate that SLAP-130 also interacts with SKAP55 under stringent lysis conditions. The interaction between SKAP55 and SLAP-130 is direct and does not require additional molecules, as judged from the ability of SKAP55 and SLAP-130 to associate in COS cells (Figs. 3 and 4) and to interact in the yeast two-hybrid system (Fig. 5 ). This view is further supported by our observation that transiently transfected wild-type SKAP55 interacts with endogenously expressed SLAP-130 in Jurkat cells, whereas this association is not detectable with SKAP55 mutants lacking a functional SH3 domain (data not shown). Our data therefore indicate the existence of a molecular complex that is formed in Jurkat cells between SLAP-130 and SKAP55 and thus suggest that SKAP55 is identical to the 55-kDa phosphoprotein that has previously been shown to associate with FYB (24) .
Generation of SKAP55 truncation mutants that were coexpressed with wild-type SLAP-130 in COS cells or in the twohybrid selection system allowed us to define the sites of interaction between SKAP55 and SLAP-130. Our data demonstrate that the association between SKAP55 and SLAP-130 requires the SH3 domain of SKAP55. Deletion of this domain or mutation of the conserved tryptophane residue to lysine results in complete loss of SLAP-130 binding to SKAP55 (Figs. 3 and 5) . Conversely, deletion of the central proline-rich sequence of SLAP-130 leads to the abolishment of its association with SKAP55, whereas the isolated domain is capable of binding to SKAP55 (Figs. 4 and 5) . Which of the individual proline residues of the SLAP-130 proline-rich domain are involved in its interaction with the SH3 domain of SKAP55 is currently under investigation. Nevertheless, our data indicate that SKAP55 and SLAP-130 directly interact with each other in Jurkat cells and COS cells and that this association is mediated via the SH3 domain of SKAP55 and the proline-rich domain of SLAP-130.
The functional role that the SKAP55-SLAP-130 complex serves during T-cell activation is not yet clear. We have reported previously that overexpression of SLAP-130 in Jurkat cells inhibits rather than enhances nuclear factor of activated T-cell activation (22) . Moreover, SLAP-130 notably antagonizes SLP-76 function when both molecules are co-expressed (22) . In Given the high stoichiometry of the interaction between SKAP55 and SLAP-130, the diverging functional consequences following overexpression of the two molecules in Jurkat cells seem to be surprising. However, we have reported recently that in transformed human T-cell lines SKAP55 does no longer interact with Fyn, whereas the protein clearly coprecipitates with the kinase in resting T-cells (20, 21) . Although the molecular basis for these alterations of the Fyn complex in transformed T-cell lines is not yet clear, the presently available data suggest that in T-cell lines SKAP55, whether overexpressed or not, lacks one major binding partner, namely Fyn, and therefore may not be capable of modulating TCR-mediated signaling events. The elucidation of the functional role that the SKAP55-SLAP-130 complex plays during T-cell activation might thus require analysis in nontransformed T-cells (e.g. T-lymphocytes of SKAP55-or SLAP-130-deficient mice).
The data shown in Fig. 1A as well as previous observations (23, 24) indicate that a fraction of SLAP-130 is expressed in transformed cell lines that coprecipitate with Fyn. In addition, the preclearing experiment shown in Fig. 1B clearly demonstrated that although all endogenously expressed SKAP55 molecules associate with SLAP-130, a substantial fraction of SLAP-130 (ϳ30%) is present in Jurkat cells that does not interact with SKAP55 under the same experimental conditions. Because SKAP55 is undetectable in Fyn immunoprecipitates prepared from transformed cells, these data together suggest that the Fyn-associated fraction of SLAP-130 may not interact with SKAP55. Thus, ϳ30% of SLAP-130 is expressed in Jurkat cells, which may exert its function independently of SKAP55.
The question why the Fyn-associated fraction of SLAP-130 does not bind to SKAP55 and why SKAP55 does not interact with Fyn in Jurkat cells was not addressed in this study.
However, one possibility could be that Fyn-associated SLAP-130 is expressed in a conformational state that does not allow binding to the SH3 domain of SKAP55 and therefore prevents the interaction between SKAP55 and Fyn. A second possibility could be that the proline-rich region of the Fyn-associated fraction of SLAP-130 binds to an unknown molecule that contains an SH3 domain, and that this interaction interferes with the association between SKAP55 and SLAP-130. It is tempting to speculate that the complex formed among Fyn, SLAP-130, and the unknown SLAP-associated protein may be involved in regulation of nuclear factor of activated T-cell activity. Overexpression of SLAP-130 potentially could alter the composition of such a trimolecular complex, thereby interfering with TCR function.
A second possible explanation for the inhibitory effect of SLAP-130 overexpression on SLP76 function is based on the observation that tyrosine-phosphorylated SLAP-130 binds to the SH2 domain of SLP-76 (22, 23) . Overexpression of a tyrosine-phosphorylated pool of SLAP-130 could interfere with the recruitment of an additional tyrosine-phosphorylated protein that is required for SLP-76-mediated induction of interleukin 2 promotor activity. In this regard it has been reported that, besides SLAP-130, an as yet unidentified tyrosine-phosphorylated 62-kDa protein (p62) precipitates with the SH2 domain of SLP-76 in TCR-stimulated Jurkat cells (14) . However, it is not known whether this protein binds directly to the SH2 domain of SLP-76 or indirectly via SLAP-130. Molecular cloning of p62 and biochemical analysis of the SLP-76-SLAP-130-p62 complex is required to answer this question. In addition, it will be necessary to determine the stoichiometry of interaction between tyrosine-phosphorylated SLAP-130 and SLP-76 and to analyze whether the SLP-76-associated portion of SLAP-130 associates with SKAP55 and/or Fyn or with other signaling molecules expressed in T-lymphocytes.
In contrast to the inhibitory effect that SLAP-130 exerts in Jurkat cells, overexpression of FYB in a murine T-cell hybridoma appears to enhance TCR-induced interleukin 2 production rather than to inhibit it (23). The molecular basis for the divergent observations in Jurkat cells versus the murine T-cell hybridoma is unclear at present but could be due to the fact Fig. 2 were subcloned in-frame behind the GAL4 DNA-binding domain as described under "Materials and Methods." Similarly, SKAP55 constructs were subcloned in frame with the GAL4 DNA transcription activation domain. After co-transformation of the HF7c yeast strain with the indicated constructs, the viability of the transformants was determined on either control synthetic medium lacking leucine and tryptophan (left panel) or on restricted synthetic medium lacking leucine, tryptophan, and histidine (right panel).
that functionally different types of cells were analyzed in the two studies. With regard to the latter point it is important to mention that we have recently cloned a 55-kDa molecule that is structurally highly related to SKAP55. This molecule, which we termed SKAP-HOM, for SKAP homologue, is not expressed in Jurkat cells but is coexpressed with SKAP55 at high levels in the murine T-cell hybridoma that was used to analyze the function of FYB. 3 Importantly, when transiently expressed in Jurkat cells or COS cells, SKAP-HOM binds to SLAP-130 (possibly via its SH3 domain). It is intriguing to speculate that the relative levels of expression of SKAP55 versus SKAP-HOM in different types of T-cells regulate the functional activity of adaptor proteins including SLAP-130 or SLP-76 and thus determine the signaling phenotype of particular T-cell lines. Precise biochemical analyses will be necessary to elucidate the stoichiometry of interaction among Fyn, SKAP55, SKAP55-HOM, SLAP-130, and SLP76 in different populations of Tlymphocytes and to define the functional roles that the individual members of this network of adaptor proteins play during T-cell activation. In addition, further understanding of these signaling complexes will require molecular cloning of p62 as well as of the Fyn-associated p85 and p43 molecules.
